The Z and W sex chromosomes of birds have evolved lack of sex chromatin [4] or a late-replicating Z chromosome [9] in male avian nuclei also indicates that sex chro- set of nine genes to represent both arms of the chicken Z chromosome (Figure 1e ). of ZW females. We were surprised to find that relative expression levels for eight of our nine test genes were 
Results and discussion
The Z-linked enzyme aconitase (also known as iron refemale embryos ( Figure 2 ). An approximately 2-fold difference (p ϭ 0.58) detected for ScII expression in males sponse element binding protein, IREBP) displays higher activity in the livers of male, as compared to female, versus females suggests that no dosage compensation occurs for this gene. We calculated male:female ratios for domestic fowl, house sparrows, and spotted turtledoves [3] . Although based on a single gene, this represents the each gene in two data sets corrected for RNA concentrations according to expression from the autosomal genes main evidence against avian dosage compensation. The GAPDH and either growth hormone or ␤ actin. Male:female ratios were largely consistent between these two data sets (Table 1) .
Our results indicate that, contrary to current dogma, avian dosage compensation does occur and is demonstrated for at least six of the nine chicken Z chromosome genes analyzed. Compensated genes are found on both arms of the Z chromosome (Table 1 ) and include the IREBP gene, whose sexually dimorphic enzyme activity in avian liver [3] was previously cited as evidence against compensation. This contradiction might arise from the different tissues used for assay. Sex differences in expression levels have been reported previously for liver enzymes [10] , while we conducted our experiments on chick embryos prior to formation of the genital ridge specifically to avoid differences due to sexual differentiation.
In addition to the finding that avian dosage compensation exists, we have found one example, the ScII gene, that seems to escape such compensation. This is not without precedent since 15% of 224 human X chromosome genes tested have been shown to escape X inactivation [11] . These genes are grouped nonrandomly along the inactive human X chromosome, with one-third of the genes on the short arm escaping inactivation [11] . Athough we have found dosage compensation for two genes located in the same or adjacent cytogenetic band with the ScII gene (Table 1) , it is still unclear whether ScII represents an isolated example or is one of a group of Z chromosome genes that escape dosage compensation. The higher level of ScII expression observed in day 3 males continues in the male gonad until at least day 8 of development (data not shown). This sexually dimorphic expression pattern both before and during sex determination suggests a role for ScII in gonadal development or in sex-determination itself. Such sexually dimorphic expression resembles that of the DMRT1 gene demonstrated at day 4.5 [12, 13] . DMRT1 is thought to represent a conserved component We were unable to detect DMRT1 expression in our day We have detected significant within-sex variation in relathe chromosome from p to q were derived from multiple tive expression levels for most genes. We believe that experiments.
this finding is due to genetic heterogeneity within noninbred chicken lines. We consider our results to be reliable due to their reproducibility in repeated experiments incorporating two different control genes (Table 1) and two methods of real-time PCR (Figure 2a,b) . For the relatively small sample size studied, significant individual variation One speculative possibility is that the sexually dimorphic expression of the ScII gene in chickens is related to the could distort average expression values and result in cases such as those of the ZOV3 and GGTB2 genes, for which establishment or maintenance of dosage compensation. the expression profiles suggest dosage compensation (Figure 2a) but similarities in male-to-female expression levels
Materials and methods
are not statistically significant (Table 1) . For ZOV3, only (130 Kb); ScII, BAC76g06 (190 Kb); IREBP, BAC11k15. BAC labeling and FISH procedures were as previously described [20] . Recombinant YACs were gel purified, and fluorescent nucleotides were incorporated Dosage compensation is achieved by very different mechby degenerate oligonucleotide PCR [21] . Cytogenetic bands were asanisms in mammals, fruitfies, and nematode worms. All signed by reverse DAPI banding, and percentage distances from p to q were also assigned to each probe.
Physical mapping of the Z chromosome
female mammals inactivate one of their two X chromosomes, which results in the activity of only one X. This [22] . RNA was extracted from whole chick embryos with RNAzol B (AMS Biotechnology), and cDNA was produced downregulates expression from both X chromosomes [15] .
by oligo dT priming. RT-PCR primers were as follows: follistatin There is no reason to suspect that the mechanism of (X87609), 5Ј-TGTGCTCCGGATTGCTCTAA-3Ј and 5Ј-CTTCAAGTT dosage compensation in birds will be similar to that of CGGGCTGTTCTTT-3Ј; ZOV3 (D16151), 5Ј-ATCGCCATCAATGAC mammals, or indeed to any of the three described mecha-TCCC-3Ј and 5Ј-GCTTCCCTTTACTCTTGCC-3Ј; VLDLR (X80207), 5Ј-CCTCAGTCAACCCAGTGTATC-3Ј and 5Ј-ACTCCAACTCATCAC nisms. However, it is interesting to note that the chicken
TACCATC-3Ј; BRM (X91638), 5Ј-TGTTGCTGTGTCATAATGCTC-3Ј
ScII gene, which escapes dosage compensation, is a memand 5Ј-ACTCCTCTTCATCATCCTCATC-3Ј; CHRNB3 (X83739), 5Ј-TCC ber of the structural-maintenance-of-chromosomes (SMC) TCAGCAACTTACCACC-3Ј and 5Ј-GCAATCACGACTTTCTCTCC-3Ј; family and has a role in mitotic chromosome condensation aldolase B (M10946), 5Ј-GCAAGAAACAACTAACGCTG-3Ј and 5Ј-ACT GCAAAATGTGGTAATGGG-3Ј; GGTB2 (U19890), 5Ј-CCAATGGAT [16] . MIX-1 is the C. elegans ortholog of ScII [17] , and in GACAGGAACAC-3Ј and 5Ј-GCAGACACACCTCCAAAATAC-3Ј; ScII addition to its role in mitotic chromosome condensation, none of which are Z linked and which were assayed in triplicate or quadruplicate in parallel with the test gene. Since assays of all cDNAs with any one pair of a test gene and a control gene were carried out simultaneously, we were able to assign an expression value of 1.0 to the first female in the data set and calculate relative expression levels for all other samples. We assayed all genes except follistatin by using SYBR Green analysis, which depends upon nonspecific binding of dye to DNA. The specificity of the reaction was therefore tested for each primer pair. follistatin and ScII were both tested with the TaqMan assay, whose specificity derives from fluorescence energy transfer (FRET) probes [7] . ScII was assayed by both TaqMan and SYBR Green methods and gave a similar spread of relative expression levels and male:female ratios in both experiments (Figure 2 ).
Statistical significance was assessed in an unrelated samples 2-tailed t test in which equal variance was not assumed. p values indicate the degree of consistency with a null hypothesis of no difference in the means or of a 2-fold difference, and p values Ͼ0.05 were taken to be significant. be plotted on the chart.
